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(57) ABSTRACT

An 1mage sensor that includes a substrate having front and
back surfaces, a plurality of photo detectors formed adjacent
the front surface, a plurality of contact pads at the front
surface and electrically coupled to the photo detectors, and
a plurality of light manipulation components disposed on a
portion of the back surface. The photo detectors are config-
ured to generate electrical signals in response to light
incident through the light manipulation components and
through the portion of the back surface. The portion of the
back surface has a non-planar shape.
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BACK SIDE ILLUMINATION IMAGE
SENSOR WITH NON-PLANAR OPTICAL
INTERFACE

FIELD OF THE INVENTION

The present invention relates to 1mage sensors, and more
particularly to Back Side Illumination (BSI) image sensors.

BACKGROUND OF THE INVENTION

Compact 1mage sensor devices used in camera modules
are well known 1n the art. One or more lenses are used to
focus light onto the image sensor surface. Lenses can also be
used for functions such as zoom 1n, zoom out, focus adjust-
ment, wide-angle and many other optical effects. However,
lenses can also introduce different types of optical aberra-
tions. One optical aberration 1n particular 1s the Petzval Field
Curvature, in which a flat object normal to the optical axis
cannot be brought into focus onto a flat image sensor. One
or more additional field curvature correction elements would
need to be itroduced in the lens stack to counteract the field
curvature of an optical system.

FIG. 1 illustrates a conventional image sensor system 1
without any focus plane correction optical elements. The
image sensor system 1 include a lens 2 that focuses light
onto an 1mmage sensor 3. The focus plane 4 of lens 2 1is
actually not perfectly planar, but rather 1s slightly curved, so
that when light in the center of the system 1 i1s properly
tocused onto the image sensor 3, light away from the center
axis of the lens 1s focused slightly above the image sensor 3.
This aberration degrades the quality of the image being
captured by the 1mage sensor.

One solution to correct for this type of aberration 1s to add
one or more field curvature correction elements to the lens
stack, so that the focus plane 4 1s planar and located at the
planar surface of the image sensor 3. One example of a
curvature correction element 1s a field flattener lens 5, as
shown i FIG. 2. However, using curvature correction
clements increases the complexity of the optical system,
increases the optical system height, introduces an additional
point of failure (e.g. the aberration correction element can be
misaligned, have uneven surface, etc.), can introduce addi-
tional distortion, can decrease brightness, and possibly
results in other negative eflects.

Another solution 1s to reconfigure the 1image sensor to
better match a curved focus plane so that the number of
optical elements in the lens stack can be reduced. For
example, U.S. Pat. No. 6,556,349 discloses using a trans-
parent substrate over the image sensor with varied sizes or
heights of the micro lenses above each photo detector. U.S.
Pat. Nos. 6,486,917 and 7,923,793 disclose bending and
bonding the image sensor to a concave surface. These
solutions, however, introduce other problems such as cross-
talk, structure height, reduced thermal stress tolerance, spe-
cial fabrication tooling requirements, reduced three-dimen-
sional imntegrated circuit (3D IC) capabilities, etc.

BRIEF SUMMARY OF THE INVENTION

The aforementioned problems and needs are addressed by
an 1mage sensor that includes a substrate having front and
back surfaces, a plurality of photo detectors formed adjacent
the front surface, a plurality of contact pads at the front
surface and electrically coupled to the photo detectors, and
a plurality of light manipulation components disposed on a
portion of the back surface. The photo detectors are config-
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2

ured to generate electrical signals in response to light
incident through the light manipulation components and
through the portion of the back surface. The portion of the
back surface has a non-planar shape.

Other objects and features of the present invention will
become apparent by a review of the specification, claims and
appended figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a side cross sectional view of a conventional
1mage sensor.

FIG. 2 1s a side cross sectional view of a conventional
image sensor with a field flattener lens.

FIGS. 3A-3E are side cross section views showing the
process steps 1n forming the image sensor of the present
invention.

FIG. 4 15 a s1de cross sectional view showing the focusing
of light by the micro lenses of the 1image sensor.

FIG. 5 1s a side cross sectional view showing an alternate
embodiment of the 1mage sensor.

FIG. 6 1s a side cross sectional view showing an alternate
embodiment of the 1image sensor.

FIG. 7 1s a side cross sectional view showing an alternate
embodiment of the 1image sensor.

FIG. 8 1s a side cross sectional view showing an alternate
embodiment of the 1image sensor.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

The present mnvention 1s an 1mage sensor and method of
manufacture of the image sensor that reduces aberrations
without requiring any additional optical elements. FIGS.
3A-3FE 1illustrate the steps of forming the image sensor.

FIG. 3A illustrates the starting structure, which 1s a
conventional 1image sensor wafer. It should be understood
that while only one 1image sensor 10 1s shown, a plurality of
image sensors 10 are formed on a single water at one time,
where the water 1s later singulated into 1individual sensor die
cach containing one of the image sensors 10. The image
sensor 10 1includes a substrate (e.g. silicon) 12 having
opposing front and back surfaces 14 and 16 respectively. A
plurality of photo detectors 18 (e.g. photo diodes) are
formed adjacent the front surface 14, and configured to
generate electrical signals 1n response to light received
through the back surface 16. Electrical circuitry 20 1s formed
adjacent the photo detectors 18 for operating the photo
detectors and/or providing the electrical signals from the
photo detectors 18 to bond pads 22 formed at the front
surface 14 for ofl chip conductivity. The photo detectors 18
are configured in a two dimensional array, preferably but not
necessarlly with the detectors 18 having varying lateral
dimension sizes. Any photo detector size vanation can be
random or pseudo-random. As shown in FIG. 3A, the photo
detectors 18 1n the center of the array have a smaller lateral
dimension than the detectors 18 at or near the periphery of
the array. Image sensors 10 of the type shown in FIG. 3A are
well known 1n the art and are commonly referred to as Back
Side Illumination (BSI) sensors because the photo detectors
are configured to detect and measure light entering through

the back surface 16 of substrate 12 as opposed to the front
surface 14.

A handler substrate 24 1s attached to the front surface 14
of substrate 12. The handler 24 can be ceramic or a crys-
talline silicon material. The handler substrate 24 can option-
ally contain additional components such as transistors, cir-
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cuit layer(s), and interconnect(s). These optional features
can be formed 1n the permanent handler before or after the
attachment to the image sensor waler. The thickness of
substrate 12 can be reduced using mechanical grinding,
chemical mechanical polishing (CMP), wet etching, atmo-
spheric downstream plasma (ADP), dry chemical etching
(DCE), or a combination of aforementioned processes or
any another appropriate silicon thinning method(s), applied
to the back surface 16. The handler substrate can also be

thinned 1n this manner 1f desired. The resulting structure 1s
shown 1n FIG. 3B.

The back surface 16 1s then selectively etched to form a
curved concave portion 16a of surface 16 which will serve
as an optical interface that 1s compatible with the lens stack’s
optical design that 1s attached later. The lens stack optical
design (discussed below) will dictate the optimal shape of
this intertface. The curved surface portion 16a can be formed
by deposition of photoresist, patterning of the photoresist
and then etching the exposed silicon. The patterming and
etching process can be repeated multiple times to achieve
the desired profile of surface portion 16a. The resulting
structure 1s shown 1n FIG. 3C.

Color filters 26 and/or other optical enhancement layer(s)
such as an anti-reflective layer, quantum dots and etc. can be
deposited on the back surface portion 16a over the imaging
area of the photo detectors 18. Micro lenses are then formed
on the color filters 26 using standard manufacturing tech-
niques such lithography and etching. Collectively, these
components can be referred to as light manipulation com-
ponents. The resulting structure 1s shown 1n FIG. 3D.

A lens assembly 30 1s then mounted to the substrate 12,
and includes a housing 32 1n which one or more lenses 34
are housed. The lens(es) 34 focus mncoming light 36 down to
a focus plane having a small curvature and position that
match the curved positioning of the micro lenses/filters
28/26 and/or substrate back surface portion 16a. The curved
concave shape of the back surface portion 16a eliminations
the need for any field flattener lens and eliminates distortions
and other optical aberrations without requiring additional
optical elements above the 1image sensor. Additionally, the
portion of the substrate 12 between the photo detectors 18
and the back surface 16 1s thicker for the photo detectors at
the periphery of the array, which improves the quantum
absorption for these detectors. This configuration allows the
image sensor 10 to be closer to the lens(es) 34. By varying
the lateral sizes of the photo detectors 18, the color filters 26
and the micro lenses 28 as a function of distance from the
center of the sensor (which 1s optional), zoom 1n and zoom
out capabilities, quantum efliciency and many other aspect
of the 1maging process can be improved.

FI1G. 4 illustrates how each microlens 28 focuses 1ncom-
ing light through the back surface portion 16a, through the
material of substrate 12, and onto the respective photo
detector 18. FIG. 5 illustrates an alternate embodiment,
where vertically extending light shielding material layers 38
are formed 1n the substrate 12 over the photo detectors 18,
creating lightwells directly over the photo detectors 18. For
any light entering through a particular micro lens 28, the
light shield material 38 reflects the incoming light so 1t
reaches the photo detector 18 for that micro lens 18 (i.e. to
prevent cross talk between the photo detectors).

FIG. 6 illustrates another embodiment, where curved
portion 1656 of back surface 16 1s convex shape instead of a
concave shape. The convex shape can provide a wide-angle
view. Moreover, the interfacing structure for this embodi-
ment can simplity the lens design.
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FI1G. 7 illustrates another embodiment, where the back
surface 16 includes recessed steps 16c¢ relative to the rest of
surface 16 1nstead of a curved shape. The depth of the steps
16¢ relative to the rest of surface 16 can roughly track the
curvature of the focus plane of the lens(es). Additionally or
alternatively, the depth of the steps 16c¢ relative to the rest of
surface 16 can correlate with the lateral sizes of the photo
detectors 18 (1.e. the distance between the photo detectors
and the back surface 16 of substrate 12 varies with varying
lateral sizes of the photo detectors). For example, as shown
in FIG. 7, the larger the photo detector lateral size, the
further away the photo detector 1s from the back surface 16
(1.e. there 1s more substrate material over the photo detector
and thus more of that material through which light must
traverse, for photo detectors with larger lateral sizes). The
recessed steps 16¢ can be formed into the back surface 16
using photo lithographic etch techniques known the art. The
stepped structure will help prevent cross talk between larger
pixels that are located on the perniphery and the smaller
pixels 1n the center of the sensor (located on the recessed
step). Moreover, this configuration enables thinner color
filters for better light sensitivity in the peripheral areas of the
sensor, and thicker color filters 1n the center of the sensor,
without the heights of the micro lenses mounted thereto
being recessed by the same amount or at all, as shown in
FIG. 8.

It 1s to be understood that the present invention 1s not
limited to the embodiment(s) described above and illustrated
herein, but encompasses any and all variations falling within
the scope of the appended claims. For example, references
to the present invention herein are not intended to limit the
scope of any claim or claim term, but instead merely make
reference to one or more features that may be covered by one
or more of the claims. Matenals, processes and numerical
examples described above are exemplary only, and should
not be deemed to limit the claims. Further, as 1s apparent
from the claims and specification, not all method steps need
be performed 1n the exact order 1llustrated or claimed, but
rather 1n any order that allows the proper formation of the
image sensor assembly. Single layers of matenial could be
formed as multiple layers of such or similar materials, and
vice versa. Lastly, while the back surface 16 has been shown
with a curved concave shape, a curved convex shape or a
stepped shape, the back surface 16 could include a combi-
nation of two or more of these or any other appropnate
non-planar shapes that are compatible with the optical
system focusing light onto the sensor.

It should be noted that, as used herein, the terms “over”
and “on” both inclusively include “directly on” (no inter-
mediate materials, elements or space disposed therebe-
tween) and “indirectly on” (intermediate materials, elements
or space disposed therebetween). Likewise, the term “adja-
cent” 1ncludes “directly adjacent” (no intermediate materi-
als, elements or space disposed therebetween) and “indi-
rectly adjacent” (intermediate maternials, elements or space
disposed there between), “mounted to” includes “directly
mounted to” (no intermediate materials, elements or space
disposed there between) and “indirectly mounted to” (inter-
mediate materials, elements or spaced disposed there
between), and “electrically coupled” includes “directly elec-
trically coupled to” (no intermediate materials or elements
there between that electrically connect the elements
together) and “indirectly electrically coupled to” (interme-
diate materials or elements there between that electrically
connect the elements together). For example, forming an
clement “over a substrate” can include forming the element
directly on the substrate with no intermediate materials/
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clements therebetween, as well as forming the element
indirectly on the substrate with one or more intermediate
materials/elements therebetween.

What 1s claimed 1s:

1. An 1mage sensor comprising:

a substrate having front and back surfaces;

a plurality of photo detectors formed adjacent the front
surface and disposed 1n a single plane;

a plurality of contact pads at the front surface and elec-
trically coupled to the photo detectors;

a plurality of light manipulation components disposed on
a portion of the back surface;

wherein the photo detectors are configured to generate
clectrical signals 1n response to light incident through
the light manipulation components and through the
portion of the back surface;

wherein the portion of the back surface has a curved
convex or curved concave shape such that an amount of
the substrate between the back surface and photo
detectors adjacent a center of the plurality of photo
detectors 1s different than an amount of the substrate
between the back surface and photo detectors adjacent
a periphery of the plurality of photo detectors.

2. The image sensor of claim 1, further comprising:

circuitry adjacent the {front surface and electrically
coupled between the plurality of photo detectors and
the plurality of contact pads, wherein the circuitry 1s
disposed 1n a single plane.

3. The image sensor of claim 1, further comprising:

a second substrate attached to the front surface.

4. The image sensor of claim 1, wherein the light manipu-

lation components comprise color filters.
5. The image sensor of claim 1, wherein the light manipu-
lation components comprise micro lenses.
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6. The image sensor of claim 1, wherein the light manipu-
lation components comprise:

color filters mounted directly on the portion of the back
surface, and

micro lenses mounted directly on the color filters.

7. The image sensor of claim 1, further comprising:

a lens assembly that includes:

a housing mounted on the back surface, and

one or more lenses in the housing and positioned for
focusing light onto the plurality of light manipulation
components.

8. The 1mage sensor of claim 7, wherein the one or more
lenses have a curved focal plane positioned at the plurality
of the light manipulation components or at the portion of the
back surface.

9. The image sensor of claim 8, wherein a shape of the
curved focal plane and the curved convex or curved concave
shape of the portion of the back surface are the same.

10. The image sensor of claim 1, further comprising:

a plurality of light shielding material layers each extend-
ing from the back surface to one of the optical detectors
and configured to guide incoming light from the back
surface to the one optical detector by reflection.

11. The image sensor of claim 1, wherein:

a first sub-plurality of the photo detectors have a first
lateral size:

a second sub-plurality of the photo detectors have a
second lateral size; and

the first size 1s smaller than the second size.

12. The mmage sensor of claim 11, wherein the first
sub-plurality of the photo detectors are disposed closer to the
back surface than the second sub-plurality of the photo
detectors.
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